The aim of this study was to compare the detection of microcalcification clusters by human observers in breast images using 2D-mammography and narrow (15°/15 projections) and wide (50°/25 projections) angle digital breast tomosynthesis (DBT). Simulated microcalcification clusters with a range of microcalcification diameters (125 μm-275 μm) were inserted into 6 cm thick simulated compressed breasts. Breast images were produced with and without inserted microcalcification clusters using a set of image modelling tools, which were developed to represent clinical imaging by mammography and tomosynthesis. Commercially available software was used for image processing and image reconstruction. The images were then used in a series of 4-alternative forced choice (4AFC) human observer experiments conducted for signal detection with the microcalcification clusters as targets. The minimum detectable calcification diameter was found for each imaging modality: (i) 2D-mammography: 164±5 μm (ii) narrow angle DBT: 210±5 μm, (iii) wide angle DBT: 255±4 μm. A statistically significant difference was found between the minimum detectable calcification diameters that can be detected by the three imaging modalities. Furthermore, it was found that there was not a statistically significant difference between the results of the five observers that participated in this study. In conclusion, this study presents a method that quantifies the threshold diameter required for microcalcification detection, using high resolution, realistic images with observers, for the comparison of DBT geometries with 2D-mammography. 2D-mammography can visualise smaller detail diameter than both DBT imaging modalities and narrow-angle DBT can visualise a smaller detail diameter than wide-angle DBT.
INTRODUCTION
Digital breast tomosynthesis (DBT) is a tomographic technique, which involves the acquisition of two-dimensional projections over a limited angular range and their reconstruction to image planes parallel to the detector. It has been shown that DBT increases the detectability of masses in the breast and reduces recalls when used in combination with 2D-mammography in screening [1] . Some studies have shown that detectability of microcalcifications with DBT is slightly lower than with 2D-mammography, whereas others have claimed the converse is true [2] [3] . Therefore, it is still unclear whether the detectability of microcalcification clusters in DBT can be as high as that in 2D-mammography.
The detectability of microcalcifications using DBT is expected to be dependent on the image acquisition methods (e.g. tomographic scan angle, number of projections), the radiation dose used, and the processing and reconstruction methods. All the above factors can limit the detection of small objects such as microcalcifications. The optimum combination of the above variables for DBT is still under investigation. With regards to the DBT system geometry, several studies suggest that the smaller the DBT angle the more likely it is to resolve calcification-like objects in the breast [4] [5] [6] . There is still some disagreement between different studies on the optimum angle and optimum number of projections for microcalcification detection, as different systems, methods and calcification detection metrics were used in each study. No study to date has made a quantitative measurement of the threshold diameter required for microcalcification detection, using high resolution, realistic images with observers, for the comparison of DBT geometries with 2D-mammography.
We have developed a method of quantifying the detection of microcalcification clusters in 2D-mammography and in DBT using an observer study. Here, 2D-mammography has been compared to two DBT geometries; narrow (15°/15 projections) and wide (50°/25 projections) angle DBT. Other factors that can affect calcification detection, dose and processing and reconstruction methods were kept constant between the different imaging modalities. Similarly, the thickness and glandularity of the breast, the height of the inserted cluster in the breast and the cluster diameter were kept constant. Threshold microcalcification diameter was used as the detectability measure for each modality. The method described is reproducible and quantifiable and can be applied to different imaging technologies for masses and microcalcifications.
MATERIALS AND METHODS

Simulated breast tissue
Simulation methods were used to prepare realistic synthetic breast phantoms. These methods are described in detail elsewhere [7] . Briefly, the breast phantoms were produced by combining breast structures, including glandular tissues, Cooper's ligaments and blood vessels, extracted from reconstructed DBT planes of real patient images. The extracted structures were then de-cluttered, de-noised and shuffled together at random orientations and scale factors to produce anatomical volumetric breast phantoms. These had compressed breast thickness 6 cm and glandularity 17%-19% by volume. The voxel size in the phantoms was 100 μm × 100 μm × 100 μm. 
Simulated clusters
Simulated volumes of clusters composed of five microcalcifications were produced. The detection of five microcalcifications in a cluster was regarded as a more realistic representation of the clinical task than detecting a single microcalcification. One high resolution microcalcification image volume was chosen from a database of 400 real microcalcification image volumes, which were acquired using a microcomputed tomography system to image breast biopsy samples [9] . The selected microcalcification was chosen due to its approximately round shape. To form a simulated cluster, the microcalcification was replicated five times with the same diameter, but rotated at a different angle and placed within a 2.5 × 2.5 × 2.5 mm 3 cubic volume, in such a way that the distance between at least two microcalcifications was 2.5 mm and there was no overlap of microcalcifications in the planar projection. The above process was repeated by scaling the selected microcalcification to a series of diameters in the range 125 μm to 275 μm. For each microcalcification diameter sixty clusters were produced. The microcalcification clusters were inserted into the breast phantoms at a height of 30 mm above the breast support table. Figure 2 shows examples of the microcalcification clusters produced with two microcalcification diameters: (a) 125 μm and (b) 250 μm. 
Image simulation
A set of image modelling tools that simulate clinical imaging by 2D-mammography and DBT were used together with the breast and cluster phantoms described above to produce breast images with and without inserted microcalcification clusters. The detector simulated was amorphous selenium for both 2D-mammography and DBT. The narrow angle DBT geometry tested was based on a 15°/15 projections configuration. In addition, a wide angle DBT geometry was tested, based on a 50°/25 projections configuration. The kVp and target/filter materials used in the x-ray simulation were: (i) 2D: 31 kVp W/Rh, (ii) DBT: 33 kVp W/Al, which are typical of those used clinically for a 6 cm thick breast. The primary projections were produced using a ray-tracing tool [10] . The pixel size in 2D-mammography was 70 μm and in both DBT systems it was 140 μm (binned before processed by image processing and reconstruction software). Scatter was calculated using Monte Carlo simulations for a 6 cm thick breast and added to the images. The spectra used were scaled so that the mean glandular dose [11, 12] to the breast was in all cases 2.5 mGy [13] . The ray tracing simulation included the effect of the grid transmission factor, tube half value layer, geometric blurring due to the focal spot finite size, tube movement blurring of the focal spot, attenuation in the breast support and compression paddle, as appropriate to the three imaging modalities. No movement of the breast was taken into account in the simulation. Finally, the methods of Mackenzie et al [14, 15] were used in the simulation process to further blur and add noise to the images appropriate for the detector and radiation dose being simulated.
Briona (Real Time Tomography, LLC, Philadelphia, USA) software was used for the processing and reconstruction of images. Briona uses a back projection reconstruction method with iterative and non-linear processing techniques to mitigate noise and artifacts. The Briona software was used as it provides flexibility to the user in modelling different DBT geometry configurations. Different DBT geometry configurations were set up for the two DBT imaging modalities. The same reconstruction method and filters were used for the two DBT modalities. Quantitative analysis (full width at half maximum, contrast-to-noise ratio (CNR), contrast degradation factor) and qualitative tests on DBT images reconstructed using Briona showed that it produced images comparable to those produced by other reconstruction and processing software used clinically.
After processing and reconstruction, the 2D-mammography images were cropped into 30 mm × 30 mm images and the DBT planes were cropped to 30 mm × 30 mm × 10 mm images to be used in 4-alternative forced choice (4AFC) human observer experiments.
Observation and 4AFC study
The images produced using the above methods were used in a series of 4AFC human observer experiments on the detection of microcalcification clusters. For each modality the threshold diameter for microcalcification detection was determined.
In the 4AFC study sets of four 30 mm × 30 mm breast phantom 2D images were randomly selected and shown in turn to the observer. In each set one image contained a microcalcification cluster in the centre and the other three did not. The images were presented using an in-house graphical user interface (GUI) as shown in figure 3 . The location of the image containing the lesion was random. A 2D projection of the inserted 3D cluster was also shown without the background. This was repeated using DBT images where the observer could scroll through 10 planes, and the central planes always contained the centre of the cluster. The initial DBT plane to be displayed to the observer was chosen at random and the DBT stack displayed wrapped around when the observer scrolled to the end of the stack.
Five physicists participated in the 4AFC study. Each observer was shown in total 540 groups of four images (one with cluster and three without): 180 groups of images for each modality, which was composed of three sets of 60 images with a microcalcification, each set with a different microcalcification diameter. The appropriate diameters for each modality were chosen after a pilot study. The observers had to decide which of the four images contained the cluster and register the decision by selecting the relevant quadrant. All experiments were undertaken on a high-resolution monitor (Barco B-8500, 5MP, Belgium). All images were displayed at 100% magnification (one to one pixel between the image and the monitor) and no changes in magnification were allowed. Low lighting levels were set and no time limit was imposed. The minimum detectable calcification size was defined as the value at which the observer makes 92.5% correct decisions for a given experimental condition, which corresponds to a detectability index d' of 2.5. A linear relationship between the detail diameter and the detectability index can be assumed, if the experiment is unbiased [16] . The diameter required to achieve a d' of 2.5 for each modality and observer was determined by linear least square fitting and the overall mean d' for each modality was then calculated. Diameters that resulted in a detection rate of 100% were not included and in such cases a linear two point fit to the data was used.
Analysis of variance (ANOVA) was performed on the results to identify any statistically significant differences between the minimum detectable calcification diameters of the three different imaging modalities. In addition, ANOVA was performed on the results to investigate the differences between the observers on the minimum detectable calcification diameter. Figure 5 shows the detectability index, d', versus calcification diameter results for 2D-mammography for a single observer. The increase in detectability index with calcification diameter is shown to follow a linear relationship as expected. Similarly good fits were obtained for all modalities and observers where three data points were available. In four of the 15 modality/observer combinations, the detectability for the largest calcification diameter was 100% and only two data points were used. Detactability Index Figure 6 shows the minimum detectable calcification diameter for each imaging modality: (i) 2D-mammography: 164±5 μm (ii) DBT narrow angle: 210±5 μm, (iii) DBT wide angle: 255±4 μm. The errors in the minimum detectable calcification diameter were calculated as the standard error in the average minimum detectable calcification diameter from all the observers. ANOVA was performed to test if the minimum detectable calcification diameters of the three modalities were significantly different. A p-value of <0.0001 was found showing that there was a highly significant statistical difference between the minimum calcification diameter that can be detected by 2D-mammography, narrow and wide angle DBT. Furthermore, ANOVA gave a p-value of 0.50 for the effect of the variation between the observers, showing confidence in the rejection of the hypothesis that there is significant difference in the calcification diameter found by the five observers that participated in this study.
RESULTS
DISCUSSION
2D-mammography was found to have a smaller threshold calcification diameter than both DBT imaging modalities and narrow-angle DBT had a smaller threshold calcification diameter than wide-angle DBT. The DBT images are less sharp than the 2D images as the modulation transfer function (MTF) is lower. This is due to the larger pixel pitch of DBT compared to 2D-mammography (due to pixel binning in DBT) and the tube movement in DBT, which introduces blurring. Also, a slight further increase in geometric blurring might be introduced as the angle becomes wider. The reduced MTF may partially explain why 2D-mammography was found to detect smaller calcifications than narrow angle DBT.
At wider angles the path of X-rays through the tissue is greater, so the signal reaching the detector is lower and the relative noise increases. To keep the same MGD between the DBT acquisition modes, the dose per projection needs to be decreased for wide angle DBT, thus the relative noise in each projection is increased. Sechopoulos et al [6] found that for a constant angle, increasing the number of projection decreased the CNR. Also, the total electronic noise in wide angle DBT simulated in this study is higher than the total electronic noise in narrow angle DBT, due to the higher number of projections. The above reasons may explain why narrow angle DBT performs better than wide angle DBT for calcifications. It has to be noted here that a different wide angle DBT system with lower electronic noise might have better performance than the system in this study. 
255±4 µm
This study has the advantage of testing the effect of acquisition method on calcification detection using real observers. However, this does limit the number of acquisition methods that can be practicably studied. Other studies [5, 6] , which used metrics (e.g. CNR, CNR/ASF (artefact spread function)) instead of observer experiments to assess the visibility of calcifications, tested more geometries but they lacked the link to the detection performance of a real observer. In mammography, a calcification cluster may contain a variable number of calcifications of different sizes and shapes. Here we used a simplified cluster with five identical calcifications spread over a volume. Many clusters contain larger calcifications, which may be more easily detectable and so caution must be taken in applying these results to the detection of all calcification clusters. It was advantageous to use a cluster rather than a single calcification as this better simulates the clinical task.
Finally, an attempt was made to employ conditions and methods that are clinically used which makes this study relevant to existing clinical systems. It has to be stated that the above findings cannot necessarily be generalised, for example, to other doses, acquisition geometries or other processing and reconstruction methods. The methods used here can be extended to study the detectability of masses by different imaging modalities. In a preliminary investigation we found that masses were better detected by narrow DBT than mammography [17] .
CONCLUSIONS
Although previous publications have compared calcification detection between different DBT geometries, none have used a reproducible quantitative approach with observers, calcification clusters and clinically realistic backgrounds to compare different DBT geometries and 2D imaging.
This study has shown that the method described can quantify the detectability of calcification clusters for different breast imaging modalities using observer studies. The results show that small calcifications in clusters can be more reliably detected using 2D mammography than DBT.
